13 Diet-microbe interactions play a crucial role in infant development and modulation of the early-life 14 microbiota. The genus Bifidobacterium dominates the breast-fed infant gut, with strains of B. 15 longum subsp. longum (B. longum) and B. longum subsp. infantis (B. infantis) particularly prevalent. 16
corresponded to different dietary stages. Complementary phenotypic growth studies indicated 23 strain-specific differences in human milk oligosaccharide and plant carbohydrate utilisation profiles 24 of isolates between and within individual infants, while proteomic profiling identified active 25 polysaccharide utilisation loci involved in metabolism of selected carbohydrates. Our results indicate 26 a strong link between infant diet and B. longum subspecies/strain genomic and carbohydrate 27 utilisation diversity, which aligns with a changing nutritional environment: i.e. moving from breast 28 milk to a solid food diet. These data provide additional insights into possible mechanisms 29 responsible for the competitive advantage of this Bifidobacterium species and its long-term 30 Introduction 36 Microbial colonisation shortly after birth is the first step in establishment of the mutualistic 37 relationship between the host and its microbiota (1-3). The microbiota plays a central role in infant 38 development by modulating immune responses, providing resistance to pathogens, and also 39 digesting the early-life diet (4-10). Indeed, diet-microbe interactions are proposed to play a crucial 40 role during infancy and exert health effects that extend to later life stages (11-16). The 41 gastrointestinal tract of vaginally delivered full-term healthy infants harbours a relatively simple 42 microbiota characterised by the dominance of the genus Bifidobacterium (17). 43
Breast milk is considered the gold nutritional standard for infants, which also acts as an important 44 dietary supplement for early-life microbial communities, including Bifidobacterium. The strong diet-45 microbe association has further been supported by reports of differences in microbial composition 46 between breast-and formula-fed infants (e.g. high versus low Bifidobacterium abundance) and 47 related differential health outcomes between the two groups: e.g. increased instances of asthma, 48 allergy and obesity in formula-fed infants (18) (19) (20) (21) (22) (23) (24) . 49
The high abundance of Bifidobacterium in breast-fed infants has been linked to the presence of 50 specific carbohydrate utilisation genes and polysaccharide utilisation loci (PULs) in their genomes, 51 4 weaning), following up on a longitudinal study of the infant faecal microbiota (43, 44) . Faecal 96 samples from exclusively breast-fed infants and exclusively formula-fed infants were collected 97 regularly from 1 month to 18 months of age (43) . The number of samples obtained from the breast-98 fed infants during the pre-weaning period was higher than that obtained from the formula-fed 99 group, which may correlate with differences in weaning age (~20.6 vs. ~17 weeks old). Bacterial 100 isolation was carried out on faecal samples, and the isolated colonies identified using ribosomal 101 intergenic spacer analysis (44). Based on these results, 88 isolates identified as Bifidobacterium were 102 selected for this study, 46 from five exclusively breast-fed infants (BF1-BF5, including identical twins 103 BF3 and BF4) and 42 from four exclusively formula-fed infants (FF1-FF3 and FF5). Following 104 sequencing and ANI analysis ( Supplementary Tables S1 & S2) , 75 strains were identified as B. 105 longum sp. and included in further analysis, with 62 strains identified as B. longum subsp. longum (B. 106 longum) and 13 strains identified as B. longum subsp. infantis (B. infantis) (Figure 1a) . 107 108
General features of B. longum genomes 109
To determine possible genotypic factors facilitating establishment and persistence of B. longum in 110 the changing early-life environment, we assessed the genome diversity of our strains. Sequencing 111 generated between 12 and 193 contigs for each B. longum strain, with 98.6% of draft genomes 112 (n=74) containing fewer than 70 contigs and one draft genome containing 193 contigs, yielding a 113 mean of 66.95-fold coverage for strains sequenced on HiSeq (minimum 46-fold, maximum 77-fold) 114 and 231-fold for the strain sequenced on MiSeq ( Supplementary Table S1 ). The predicted genome 115 size for strains identified as B. longum ranged from 2.21 Mb to 2.58 Mb, possessing an average 116 G+C% content of 60.11%, an average predicted ORF number of 2,023 and number of tRNA genes 117 ranging from 55-88. For strains identified as B. infantis, the predicted genome size ranged from 2.51 118 Mb to 2.75 Mb, with an average G+C% content of 59.69%, an average predicted ORF number of 119 2,280 and the number of tRNA genes ranging from 57 to 62. 120 121
Comparative genomics 122
To identify B. longum strains among the sequenced isolates and assess the nucleotide-level genomic 123 differences between isolates, we subjected their genomes to ANI analysis. Results (Supplementary 124 Table S3 ). Phylogenetic analysis performed on the B. longum core genome revealed 136 that B. longum strains within each subspecies clustered mainly according to isolation source, i.e. 137 individual infants, rather than dietary stage (i.e. pre-weaning, weaning and post-weaning) ( Figure  138 1b). Interestingly, strains isolated from formula-fed baby FF5 clustered into two separate clusters, 139 irrespective of the isolation period, suggesting presence of two highly related B. longum groups 140 within this infant. Furthermore, strains isolated from identical twins BF3 and BF4 clustered together, 141
indicating their close relatedness. 142
We next sought to identify whether specific components of the B. longum subspecies pangenome 143 were enriched in infant hosts. Each candidate gene in the accessory genome was sequentially scored 144 according to its apparent correlation to host diet (breast vs. formula) or dietary stage. A gene 145 annotated as alpha-L-arabinofuranosidase, along with four other genes coding for hypothetical 146 proteins, were predicted to be enriched in B. longum strains isolated from breast-fed infants. Alpha-147 L-arabinofuranosidases are enzymes involved in hydrolysis of terminal non-reducing alpha-L-148 arabinofuranoside residues in alpha-L-arabinosides and act on such carbohydrates as (arabino)xylans 149 (45, 46). In addition, two genes coding for hypothetical proteins and a gene coding for Mobility 150 protein A were overrepresented in strains isolated from formula-fed infants. We did not find any 151 associations between specific genes and diet in B. infantis. Furthermore, no associations between 152 genes and dietary stages were found in either B. longum or B. infantis ( Supplementary Table S4 ). 153
As our strains were isolated from individual infants at different time points, we next sought to 154 determine their intra-strain diversity; for this we used the first B. longum isolate from each infant as 155 the 'reference' strain to which all other strains from the same infant were compared (Figure 2) . 156 Infants BF1, BF3 and FF2 had the lowest strain diversity; with respective mean pairwise SNP 157 distances of 18.7±20.3 SNPs (mean±sd), 10.3±5.0 SNPs and 13.3±5.3 SNPs. These results suggest 158 strains isolated from these infants may be clonal, indicating long-term persistence of B. longum 159 within individual infant hosts despite early-life dietary changes. Surprisingly, analysis of strains 160 6 isolated from breast-fed identical twins BF3 and BF4 revealed higher strain diversity in baby BF4 161 (mean pairwise SNP distance of 1034.5±1327.1 SNPs), compared to the highly similar strains in infant 162 BF3 (i.e. 10.3±5.0 SNPs). Based on these results, we conducted SNP analysis on B. longum strains 163 isolated from both babies and found that out of 13 strains analysed (n=8 from BF3 and n=5 from 164 BF4), 12 isolated during pre-weaning, weaning and post-weaning appeared to be clonal (with mean 165 pairwise SNP distance of 10.0±5.5 SNPs) and one strain from baby BF4 isolated post-weaning was 166 more distant, with mean SNP distance of 2595.4±2.8 SNPs. The difference in strain diversity may 167 relate to the fact that infant BF4 received a course of antibiotics during pre-weaning (at 14 weeks). 168
Bifidobacterium counts were not detectable nor was any Bifidobacterium-specific PCR product for 169 DGGE obtained from this infant during the antibiotic administration; however, both were obtained 170 for the sample collected one week after antibiotic treatment completed (44). Furthermore, the 171 presence of clonal strains in both babies suggests vertical transmission of B. longum from mother to 172 both infants, or potential horizontal transmission between babies, consistent with previous reports 173 (42, 47-49). B. infantis strains isolated from infant BF2 showed the highest strain diversity, with the 174 mean pairwise SNP distance of 9030.9±8036.6 SNPs. Seven strains isolated during both pre-weaning 175 and weaning periods appeared to be clonal, with mean pairwise SNP distance of 6.3±1.6 SNPs, while 176 four strains isolated during weaning and post-weaning were more distant, with mean pairwise SNP 177 distance of 14983.5±4658.3 SNPs ( Supplementary Table S5 ). 178 179
Functional annotation of B longum subspecies genomes -carbohydrate utilisation 180
To assess genomic differences between our strains at a functional level, we next assigned functional 181 categories to ORFs of each B. longum genome. Carbohydrate transport and metabolism was 182 identified as the second most abundant category (after unknown function), reflecting the 183 saccharolytic lifestyle of Bifidobacterium (Supplementary Figure 1) (28, 50). B. longum had a slightly 184 higher proportion of carbohydrate metabolism and transport genes (11.39±0.31%) compared to B. 185 infantis (10.20±0.60%), which is consistent with previous reports (51, 52). B. longum strains isolated 186 during pre-weaning had a similar proportion of carbohydrate metabolism genes in comparison with 187 the strains isolated post-weaning: 11.28±0.23% and 11.48±0.38%, respectively. Furthermore, we 188 obtained similar results for B. longum strains isolated from breast-and formula-fed infants, with 189 respective values of 11.41±0.21% and 11.38±0.38%. In contrast, B. infantis strains isolated pre-190 weaning had a lower proportion of carbohydrate metabolism genes in their genomes compared to 191 the ones isolated post-weaning: 9.90±0.24% and 11.20±0.01%, respectively (Supplementary Table  192 S6). These findings may indicate evolutionary adaptation of B. infantis strains to the changes in 193 infant diet at early-life stages. 194
One of the major classes of carbohydrate-active enzymes comprises glycosyl hydrolases (GH), which 195 facilitate glycan metabolism in the gastrointestinal tract (53). Bifidobacterium have been shown to 196 possess an extensive repertoire of these enzymes, which allow them to adapt to the host 197 environment through degradation of complex dietary and host-derived carbohydrates (50). We thus 198 sought to investigate and compare the arsenal of GHs in B. longum sp. using dbCAN2. We identified 199 a total of 36 different GH families in all Bifidobacterium strains. B. longum was predicted to contain 200 55 GH genes per genome on average (2.72 % of OFRs), while this number was lower for B. infantis 201 strains -predicted to harbour an average of 37 GH genes per genome (1.62% of ORFs) (Figure 3) . 202
The predominant GH family in B. longum strains was GH43, whose members include enzymes 203 involved in metabolism of complex plant carbohydrates such as (arabino)xylans (54), followed by 204 GH13 (starch), GH51 (hemicelluloses) and GH3 (plant glycans) (28, 55). 205
Within the B. longum group, strains isolated during pre-weaning had a slightly lower mean number 206 of GH genes compared to strains isolated post-weaning (54.46±2.81 vs. 56.85±2.77). Moreover, 207 strains isolated from breast-fed babies contained an average of 53.96±3.82 GH genes per genome, 208 while this number was slightly higher for strains isolated from formula-fed infants with 56.47±2.96 209 GH genes per genome. Further analysis revealed that differences in abundance of the predominant 210 GH families in B. longum strains appeared to be intra-host-specific and diet-related. For example, 211 strains isolated from breast-fed twins BF3 and BF4 pre-weaning had 11 GH43 genes per genome, 212 while the pre-weaning strain from formula-fed baby FF3had 13 GH genes per genome predicted to 213 belong to this GH family. Similarly, strains isolated from babies BF3 and BF4 post-weaning had 11 214 predicted GH genes, while the three strains isolated from infant FF3 were predicted to contain 16, 215 16 and 18 GH genes per genome, respectively ( Supplementary Table S7 ). 216
In contrast, the most abundant GH family in B. infantis strains was GH13 (starch), followed by GH42, 217 GH20 and GH38 ( Supplementary Table S7 ). The GH42 family contains beta-galactosidases whose 218 enzymatic activity ranges from lactose present in breast milk to galacto-oligosaccharides and 219 galactans found in plant cell walls (56, 57). Members of GH20 family show hexosaminidase and 220 lacto-N-biosidase activities, while family GH38 contains alpha-mannosidases (28). We also 221 determined that, in contrast to B. longum, B. infantis strains harbour genes predicted to encode 222 members of the GH33 family, which contains exo-sialidsaes (28). This finding suggested that B. 223 infantis strains may have the ability to metabolise sialylated HMOs as well as utilise host mucins to 224 release sialic acids and digest free sialic acid present in the gut. 225 8 Within the B. infantis group, strains isolated pre-weaning were predicted to contain an average of 226 34.83±0.4 GH genes per genome, while this number was higher for the strains isolated post-weaning 227 (i.e. 43.00±0.00 GH genes per genome). Further analysis revealed that B. infantis strains isolated 228 post-weaning contained families GH1 and GH43 that were absent in the strains isolated pre-229 weaning. The GH1 family contains enzymes such as beta-glucosidases, beta-galactosidases and beta-230 D-fucosidases active on a wide variety of (phosphorylated) disaccharides, oligosaccharides, and 231 sugar-aromatic conjugates (58). In addition, the B. infantis strains isolated post-weaning harboured 232 a higher number of genes predicted to belong to families GH42 and GH2 (enzymes active on a 233 variety of carbohydrates) (59). 234
Members of the genus Bifidobacterium have previously been shown to contain GH genes involved in 235 metabolism of various HMOs present in breast milk (27, 60) . Alpha-L-fucosidases belonging to 236 families GH29 and GH95 have been determined to show specificity towards fucosylated HMOs (27, 237 61), while lacto-N-biosidases and galacto-N-biose/lacto-N-biose phosphorylases members of GH20 238 and GH112 have been shown to be involved in degradation of isomeric lacto-N-tetraose (LNT) (62). 239
We identified genes belonging to GH29 and GH95 in all our B. infantis strains, as well as four B. 240 longum strains isolated from formula-fed baby FF3. Furthermore, we found GH20 and GH112 genes 241 in all our B. infantis and B. longum strains ( Supplementary Table S7 ). 242
Overall, these findings suggest differences in general carbohydrate utilisation profiles between B. and generated a whole genome SNP tree to reflect gene loss/gain events more accurately (Figure 3 , 254 Supplementary Table S8 ). Both B. longum and B. infantis lineages appear to have acquired GH 255 families (when compared to the common ancestor of the phylogenetic group), with the B. longum 256 lineage gaining two GH families (GH121 and GH146) and the B. infantis lineage one GH family 257 9 (GH33). Within the B. infantis lineage, which also contains the B. suis type strain, the B. infantis 258 taxon has further acquired two and lost five GH families. These findings suggest that the two human-259 related subspecies have followed different evolutionary paths, which is consistent with our 260 observation of differences between B. longum and B. infantis resulting from phylogenomic analyses. 261
Intriguingly, strain adaptation to the changing host environment (i.e. individual infant gut) seems to 262 be driven by loss of specific GH families (Figure 3) . Bifidobacterium longum has previously been shown to metabolise a range of carbohydrates, 281 including dietary and host-derived glycans (65, 66). Given the predicted differences in carbohydrate 282 metabolism profiles between B. longum and B. infantis, and to understand strain-specific nutrient 283 preferences of our strains, we next sought to determine their glycan fermentation capabilities. We 284 performed growth assays on 49 representative strains from all nine infants, cultured in modified 285 MRS supplemented with selected carbohydrates as the sole carbon source. For these experiments, 286
we chose both plant-and host-derived glycans that we would expect to constitute components of 287 the early-life infant diet (67). Although all B. longum strains were able to grow on simple 288 carbohydrates (i.e. glucose and lactose), we also observed subspecies-specific complex carbohydrate 289 preferences, consistent with bioinformatic predictions (Figure 4) . To represent host-derived 290 10 carbohydrates, we selected 2'-fucosyllactose (2'-FL) and lacto-N-neotetraose (LNnT) as examples of 291
HMOs found in breast milk. Out of the tested isolates, all B. infantis strains were able to metabolise 292 2'-FL, as were three B. longum strains isolated from a formula-fed baby FF3 during weaning and 293 post-weaning (Figure 4) . These results supported the computational analysis and the identification 294 of genes potentially involved in degradation of fucosylated carbohydrates in the genomes of these 295 isolates (GH29 and GH95). Although bioinformatics identified the presence of genes involved in 296 metabolism of isomeric LNT in all our strains (GH20 and GH112), LNnT metabolism in B. infantis was 297 strain-specific, with most strains showing moderate to high growth rates. Out of B. longum strains, 298 B_25 (isolated during weaning from breast-fed baby BF3) also showed robust growth on LNnT. 299 Furthermore, this strain was the only strain out of the 49 tested that showed growth on cellobiose 300 and, in contrast to all other B. longum strains, was not able to metabolise plant-derived arabinose 301 and xylose despite the predicted presence of genes involved in metabolism of monosaccharides 302 (GH43, GH31, GH2). Additionally, both B. longum and B. infantis strains showed varying degrees of 303 growth performance on mannose, while none of the tested strains were able to grow on 304 arabinogalactan, pectin or rhamnose (Figure 4) . 305
To further characterise strains identified above for putative carbohydrate degradation genes, we 306 performed carbohydrate uptake analysis and proteomics. B. longum strain B_25, from one of the 307 breast-fed identical twins that showed growth on LNnT and cellobiose, and formula-fed strain B_71 308 which was able to grow on 2'-FL, were chosen. Supernatant from these cultures was initially 309 subjected to high-performance anion-exchange chromatography (HPAEC) to evaluate the 310 carbohydrate-depletion profiles (Figure 5) . In all three cases, the chromatograms showed complete 311 utilisation of the tested carbohydrates and absence of any respective degradation products in the 312 stationary phase culture. The depletion of cellobiose by B_25 and 2'-FL by B_71 occurred in the early 313 exponential phase while LNnT was still detected in the culture supernatant until the late exponential 314 phase of growth, suggesting that cellobiose and 2'-FL were internalised more efficiently than LNnT. 315
We next determined the proteome of B_25 and B_71 when growing on cellobiose, LNnT and 2'-FL 316 compared to glucose (Figure 5a-c & Supplementary Table S9 ). The top 10 most abundant proteins in 317 the cellobiose proteome of B_25 included three beta-glucosidases belonging to GH3 family, as well 318 as a homologue of transport gene cluster previously shown to be upregulated in B. animalis subsp. 319 lactis Bl-04 during growth on cellobiose (Figure 5a & Supplementary Table S10 ) (68). Among the 320 three β-glucosidases, B_25_00240 showed 98% sequence identity to the structurally characterized 321
BlBG3 from B. longum, which has been shown to be involved in metabolism of the natural glycosides 322 saponins (69). B_25_01763 and B_25_00262 showed 46% identity to the β-glucosidase Bgl3B from 323
Thermotoga neapolitana (70) and 83% identity to BaBgl3 from B. adolescentis ATCC 15703 (71), 324 11 respectively, two enzymes previously shown to hydrolyse cello-oligosaccharides. With respect to 325
LNnT metabolism by the same strain, the most abundant proteins were encoded by genes located in 326 two PULs (B_25_00111-00117 and B_25_00130-00133) with functions compatible with LNnT import, 327 degradation to monosaccharides and further metabolism. The PULs contain the components of an 328 ABC-transporter (B_25_00111-00113), a predicted intracellular GH112 lacto-N-biose phosphorylase 329 (B_25_00114), an N-acetylhexosamine 1-kinase (B_25_00115) and enzymes involved in the Leloir 330 pathway. All these proteins were close homologues to proteins previously implicated in the 331 degradation of LNT/LNnT by type strain B. infantis ATCC 15697 T (72) (Figure 5b & Supplementary  332 Table S10). Interestingly, all clonal strains isolated from twin babies BF3 and BF4 also contained 333 close homologues of all the above-mentioned genes in their genomes, in some cases identical to 334 those determined in B_25; however, only strain B_25 was able to grow on cellobiose and LNnT. 335 Growth of B_71 on 2'-FL corresponded to increased abundance of proteins encoded by the PUL 336 B_71_00973-00983. These proteins showed close homology to proteins described for B. longum 337 SC596 and included genes for import of fucosylated oligosaccharides, fucose metabolism and two α-338 fucosidases belonging to the families GH29 and GH95 (Figure 5c & Supplementary Table S10 ) (27) . homes (74), as potential vehicles and routes for strain transmission. Our results showed the 364 presence of clonal strains in identical twins BF3 and BF4, which may have resulted from maternal 365 transfer. However, potential strain transmission between these infants living in the same 366 environment may also occur. Furthermore, wider studies involving both mothers and twin babies 367 (and other siblings) could provide details on the extent, timing and location of transmission events 368 between members of the same household. 369
Another aspect of comparative genomic analysis involved in-silico prediction of genes belonging to 370 GH families. This analysis revealed genome flexibility within B. longum sp., with differences in GH 371 family content between strains belonging to the same subspecies as described previously; B. infantis 372 predominantly enriched in GH families implicated in the degradation of host-derived breast milk-373 associated dietary components like HMOs and B. longum containing GH families involved in the 374 metabolism of plant-derived substrates (28, 55). Within the B. infantis group, we identified 375 subspecies-specific differences in GH content between pre-and post-weaning strains, which 376 indicates adaptation to the changing infant diet. Moreover, we observed differences in the number 377 of genes belonging to the most abundant GH families (e.g. GH43) between breast-fed and formula-378 fed strains at different dietary stages, which can be linked to nutrient availability. Surprisingly, we 379 computationally and phenotypically identified closely related weaning and post-weaning B. longum 380 strains capable of metabolising HMOs (i.e. 2'-FL) in a formula-fed baby that only received standard 381 non-supplemented (i.e. no prebiotics or synthetic HMOs) formula. However, these data should be 382 carefully interpreted, since our collection only contains one bacterial strain per time point. In 383 addition, analysis of strains belonging to B. infantis group was performed based on strains from only 384 one breast-fed baby, which is a further caveat of the study. 385
Recorded phenotypic data support the results of genomic analyses and further highlight differences 386 in carbohydrate utilisation profiles between and within B. longum and B. infantis. The ability of 387 Bifidobacterium, especially B. infantis, to grow on different HMOs indicates their adaptation to an 388 HMO-rich diet, which may be a factor facilitating their establishment within hosts at early-life stages. 389
Similarly, B. longum preference for plant-based nutrients may be influencing their ability to persist 390 within individual hosts through significant dietary changes. Differential growth of strains that are 391 13 genotypically similar on various carbohydrate substrates and the ability of formula-fed strains to 392 metabolise selected HMOs suggest that Bifidobacterium possess an overall very broad repertoire of 393 genes for carbohydrate acquisition and metabolism that may be differentially switched on and off in 394 response to the presence of specific dietary components (75, 76). Another explanation for these 395 results may be a potential influence of the intra-individual environment on epigenetic mechanisms 396 in these bacteria. One potential factor involved in this process may be a cooperative effort among 397
Bifidobacterium in the early-life microbiota supported by cross-feeding activities between species 398 and strains (1, 28). 399
Glycan uptake analysis and proteomic investigation allowed us to determine mechanisms which 400 selected B. longum strains employ to metabolise different carbohydrates. A common feature, based 401 on the predicted activity of the most abundant proteins detected during grown on the three 402 substrates (cellobiose, LNnT and 2'-FL), was that they were all imported and "selfishly" degraded 403 intracellularly, therefore limiting release of degradation products that could allow cross-feeding by 404
other gut bacteria. This is in line with the carbohydrate uptake analysis, where no peak for 405 cellobiose, LNnT and 2'-FL degradation products could be detected. Cellobiose uptake in B_25 occurs 406 via a mechanism similar to B. animalis subsp. lactis Bl-04 (68); cellobiose hydrolysis appears to be 407 mediated by the activity of three intracellular β-glucosidases, although further confirmatory 408 biochemical characterization of these enzyme is still required. B_25 was observed to utilize LNnT 409 using a pathway similar to that described in B. longum subsp. infantis whereby LNnT is internalized 410 via an ABC-transporter (B_25_00111-00113) followed by intracellular degradation into constituent 411 monosaccharides by a GH112 (B_25_00114) and an N-acetylhexosamine 1-kinase (B_25_00115). 412
LNnT degradation products are further metabolized to fructose-6-phosphate by activities that 413 include B_25_00116-00117 (galactose-1-phosphate urydyltranferase, UDP-glucose 4-epimerase, 414 involved in the Leloir pathway) and B_25_01030-01033 (for metabolism of N-acetylgalactosamine) 415 prior to entering the Bifidobacterium genus-specific fructose-6-phosphate phosphoketolase (F6PPK) 416 pathway (72). B_71 is predicted to deploy an ABC-transporter (B_71_00974-00976) that allows 417 uptake of intact 2'-FL that is subsequently hydrolysed to L-fucose and lactose by the two predicted 418 intracellular α-fucosidases GH29 (B_71_00982) and GH95 (B_71_00983). L-fucose is further 419 metabolized to L-lactate and pyruvate, via a pathway of non-phosphorylated intermediates that 420 include activities of L-fucose mutarotase (B_71_00981), L-fucose dehydrogenase (B_71_00978), L-421 fuconate hydrolase (B_71_00977) as previously described for B. longum subsp. longum SC596 (27) . 422
Considering that the proteins encoded by the aforementioned genes are located in the cellobiose, 423
LNnT and 2'-FL PULs that share high similarity and similar organization with those found in White (Wyeth Pharmaceuticals), to avoid supplemented formulae and to keep consistency within 444 the formula group]. The mothers of the breast-fed infants had not consumed any antibiotics within 445 the 3 months prior to the study and had not taken any prebiotics and/or probiotics. Ethical approval 446 was obtained from the University of Reading Ethics Committee (43). Bifidobacterium strains (n=88) 447 were isolated from healthy infants ( Supplementary Table S1 ), either exclusively breast-fed (BF) or 448 formula-fed (FF), and originally identified using ribosomal intergenic spacer analysis (44). 449
DNA extraction, whole-genome sequencing, assembly and annotation 450
Phenol-chloroform method used for genomic DNA extraction as described previously (1) Supplementary Table S1 ). Sequencing reads were checked for 457 15 contamination using Kraken v1.1 (MiniKraken) (77) and pre-processed with fastp v0.20 (78) before 458 assembling using SPAdes v3.11 with "careful" option (79). Contigs below 500bp were filtered out 459 from the assemblies. Incorrectly assembled sequences were removed from further analysis (n=3). 460
Additionally, publicly available assemblies of Bifidobacterium type strains (n=70) (Supplementary 461 Table S1) were retrieved from NCBI Genome database and all genomes were annotated with Prokka 462 v1.13 (80). The draft genomes of 75 B. longum isolates have been deposited to GOLD database at 463 https://img.jgi.doe.gov, GOLD Study ID: Gs0145337. 464
Phylogenetic analysis 465
Python3 module pyANI v0.2.7 with default BLASTN+ settings was employed to calculate the average 466 nucleotide identity (ANI) (81). Species delineation cut-off was set at 95% identity (82) and based on 467 that only sequences identified as Bifidobacterium longum subspecies were selected for further 468 analysis (n=75) ( Supplementary Table S2 ). 469
General feature format files of B. longum strains were inputted into the Roary pangenome pipeline 470 v.3.12.0 to obtain core-genome data and the multiple sequence alignment (msa) of core genes 471 (Mafft v7.313) (83, 84). SNP analysis of strains from individual infants was performed using Snippy 472 v4.2.1 (85) and the resulting msa was passed to the recombination removal tool Gubbins(86). 473
Alignments resulting from all previous steps were cleaned from poorly aligned positions using 474 manual curation and Gblocks v0.9b where appropriate (87). The core-genome tree was generated 475 using FastTree v2.1.9 using the GTR model with 1000 bootstrap iterations (88). Snp-dists v0.2 was 476 used to generate pairwise SNP distance matrix between strains within individual infants (89). 477
Altogether, the results of the SNP analysis reflected ANI results, showing that pairwise sequence 478 identities were inversely proportional to pairwise SNP distances in B. longum subspecies isolates 479 recovered from individual hosts. 480
Functional annotation and genome-wide association study analysis 481
Scoary v1.6.16 with Benjamini Hochberg correction (90) was used to associate subsets of genes with 482 specific traits -breast-fed, formula-fed, pre-weaning, weaning and post-weaning. The p-value cut-483 off was set to <1e-5, sensitivity cut-off to ≥70 % and specificity cut-off to ≥90 % to report the most 484 overrepresented genes. Functional categories (COG categories) were assigned to genes using 485 EggNOG-mapper v0.99.3, based on the EggNOG database (bacteria) (91) and the abundance of 486 genes involved in carbohydrate metabolism was calculated. As most B. infantis strains (12 out of 13) 487
were isolated from breast-fed infants, we did not compare abundances of carbohydrate metabolism 488 genes in breast-fed and formula-fed groups for this subspecies. Standalone version of dbCAN2 489 Heat maps above genes show the LFQ detection levels for the corresponding proteins in triplicates grown on glucose (G); cellobiose (C); LNnT (L); and 2'-FL (F). Numbers between genes indicate percent identity between corresponding genes in homologous PULs relative to strains B_25 and B_71. Numbers below each gene show the locus tag in the corresponding genome. Locus tag numbers are abbreviated with the last numbers after the second hyphen (for example B_25_XXXXX). The locus tag prefix for each strain is indicated in parenthesis beside the organism name.
